Measurement of the shot noise in a single electron transistor. 
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We have systematically measured the shot noise in a single electron transistor (SET) as a function 
of bias and gate voltages. By embedding a SET in a resonance circuit we have been able to measure 
its shot noise at the resonance frequency 464 MHz, where the 1/f noise is negligible. We can extract 
the Fano factor which varies between 0.5 and 1 depending on the amount of Coulomb blockade in 
the SET, in very good agreement with the theory. 
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In both electronic and photonic devices the measured 
signal does not contain all the information about the 
state and dynamics of a system. In most cases there 
is additional information in the fluctuations of the sig- 
nal For example the shot noise in electronic circuits 
contains information about the charge of charge carriers. 
This was used by Saminadayar et al. to demonstrate 
the fractional charge of the quasiparticles in a fractional 
quantum Hall system The shot noise can also reveal 
correlations of the charge carriers or photons. Bosons dis- 
play bunching Q whereas fermions display anti-bunching 
due to the Pauli principle [1, Q . 

Electron tunneling in a tunnel junction or a point con- 
tact is described by a Poissonian process. If the trans- 
parency of the barrier T is small, the shot noise is pro- 
portional to T and the shot noise takes on the Schot- 
tky value S = 2e(J), where (I) is the average current. 
To compare different situations the noise is often nor- 
malized to the Schottky value giving the so called Fano 
factor F = S/(2e(I)) [6|. The Fano factor can be re- 
duced for example in a quantum point contact where the 
trasparency is large, then the shot noise is proportional 
to T(l — T) for each of the participating channels 
Another cxamle is an array of identical series connected 
tunnel junctions, there the shot noise is inversely propor- 
tional to the numbers of junctions N,S — 2e(I)/N [9(. 
The Fano factor can also be enhanced above unity which 
is the case when cotunneling dominates. 

In a Single Electron Transistor (SET) 0, [Tl|, where 
N = 2, the tunneling is uncorrelated at high bias, and 
the shot noise is S — e(I), i.e. the Fano factor is 1/2. 
However, at low voltage the Coulomb blockade introduces 
correlations and the Fano factor increases. The correla- 
tion of tunnel events in a SET depend strongly on the 
biasing conditions and the amount of Coulomb blockade 
in the SET. 

The shot noise in SETs is theoretically well understood 
13, 3 li > HI, however, so far a detailed comparison be- 



tween experiment and theory has not been demonstrated. 
This is due to the fact that the shot noise in most cases 
is masked by other sources of noise. At low frequency, 
motion of background charge fluctuators give rise to 1/ / 



noise [16(, at higher frequencies the amplifier noise nor- 
mally dominates over the shot noise. In a few cases the 
shot noise of double junction devices without a gate has 
been measured 17, 3, In other experiments on sili- 
con and carbon nanotube SETs the shot noise was stud- 
ied with gate control. Sasaki et al. [20] studied a sili- 
con SET and found a Fano factor lower than one half in 
the Coulomb blockade region in contradiction with the- 
Onac et al. [2l| studied a carbon nanotube SET 
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ory. 

and found super-poissonian shot noise with a Fano fac- 
tor larger than unity, however there was no quantitative 
comparision to theory. Metallic SETs have been stud- 
ied at high bias [H Hi, [H, but the low bias Coulomb 
blockade region where the correlations affect the Fano 
factor has so far not been studied. Metallic SETs in the 
superconducting state has recently been studied [25j |. 

In this paper we present systematic measurements of 
the shot noise of a SET for different gate and bias volt- 
ages. We make a quantitative comparison with theory 
and show how the Fano factor varies between 0.5 and 1 
depending on the correlations in the SET, in very good 
agreement with theory. We do this using a rf-SET set- 
up (2(| where a current is fed through the SET and the 
noise is coupled out to a cold amplifier via a resonance 
circuit. In principle the shot noise is frequency dependent 
[HI], however since our measurements are done at a fre- 
quency much lower than the characteristic SET frequency 
{1/ {2irRiCi) ~ 20 GHz we are still in the low frequency 
limit. Here Ri and Ci,i £ {1,2} are the resistances and 
capacitances of the two junctions. 

The sample was fabricated from aluminum on an ox- 
idized silicon substrate using electron beam lithography 
and a standard double-angle evaporation technique. The 
sample was attached to the mixing chamber of a dilution 
refrigerator and cooled to a temperature of ~ 25 mK. 
All measurements were performed in the normal (non- 
superconducting) state at a magnetic field of 1.5 T. The 
SET was biased in the asymmetric mode with one lead 
grounded. The high bias asymptotic resistance of the 
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FIG. 1: (color online) (a) Simplified circuit scheme for the shot 
noise measurements with a rf-SET. The resonance circuit is 
connected to the microwave amplifier via a transmission line 
with a characteristic impedance Zq and propagation constant 
/3. (b) Resonance curve for the resonance circuit. The blue 
curve is the measured noise power as a function of frequency. 
The red curve is a fit to eq.[T] (c) The measured amplifier noise 
as a function of the magnitude of the reflection coefficient. 
The red curve is a fit to eq.[3] 

SET was R ~ 72kfi. The charging energy, E c /k B = 
e 2 /(2/cBCs) — 2.5 K was extracted from the measure- 
ments of the SET stability diagram, where Cs is the 
sum capacitance of the SET island. The asymmetry in 
the junction capacitances ~ 30% was deduced from the 
asymmetry of the SET stability diagram. 

We have embedded the SET in an LC-resonance cir- 
cuit, which transforms the high SET resistance to an 
impedance close to 50 f2. The resonance circuit is con- 
nected via a superconducting coax to a low noise cryo- 
genic amplifier situated at 4.2 K. The coax is character- 
ized by a wave impedance Zq — 50 Q and a propagation 
constant (3. We have assumed that the input and out- 
put impedances of the cryogenic amplifier are equal to 
Zq. The output signal from the cold amplifier is fur- 
ther amplified at room temperature, and recorded with 
a spectrum analyzer. 

The parameters of the matching circuit can be ob- 
tained from reflectometry measurements. A small rf- 
signal at the resonance frequency Jlc is launched toward 
the SET and part of this signal is reflected from the cir- 
cuit. The reflection coefficient, Y = (Z — Z )/(Z + Z ), 
is the ratio between the voltages of the reflected and the 
incoming wave, and depends on the impedance mismatch 
between the resonance circuit impedance Z and Zq. The 
resonance frequency of the resonance circuit is defined 
by the LC parameters, Jlc — 1 / (2tt\/ LC) and was mea- 
sured to 464 MHz (see Fig fib). 



The shot noise from the SET can be described as a 
current noise source i s in parallel with the SET, as shown 
in Fig.QJ. The power spectral density of the shot noise is 
given by the Fano factor F and the current through the 
SET, {i 2 s ) = 2e{I)F. Considering the electrical scheme 
in Fig.QJi, and taking into account that R ^> Zo, we 
can calculate the power spectral density at the amplifier 
output, resulting from the shot noise of the SET, as a 
function of the resonance circuit parameters: 

a = 9 2 Zq^ s ) 

shot (i - UlfLc) 2 ) 2 + (///lc) 2 (VQ) 2 ' 1 ' 

where g is the amplifier voltage gain and Q = (Zlc/R + 
Zq/Zlc) -1 is the total quality factor of the resonance 
circuit. Zlc = \/L/C is the characteristic impedance of 
the LC-circuit (not including R) . The detected shot noise 
has a Lorentzian line shape as can be seen in Fig.[lj3. 

To be able to extract the Fano factor we have done 
three different measurements. For each bias voltage, V, 
we have measured T and the output noise from the am- 
plifier, as we swept the gate charge, Q g . This was done 
for 80 different bias voltages. To calibrate the amplifier 
noise we have in addition measured the amplifier output 
noise at zero bias as a function of gate charge. 

The noise measurements were done at /lc with a 
bandwidth, A/ = 15 kHz, significantly narrower then 
the resonance circuit bandwidth. In this case, the power 
spectral density of the shot noise can be expressed as a 
function of the magnitude of the reflection coefficient. 

S shot = ^ R (1 - |r| 2 ) (* 2 ) = 9 1 (1 - |r| 2 ) eFV, (2) 

There is a clear advantage to express both the shot noise 
and the amplifier noise in terms of [T| rather than the 
SET resistance, since parasitics of the tank circuit such as 
the shunt capacitance of the inductance is automatically 
included in |T|. 

The SET-generated noise for maximum Coulomb 
blockade, Q g = 0, and the SET open state, Q g — 0.5e, 
is shown in Fig.[2j The inset shows the full set of data 
for all bias points. Here, the amplifier noise has been 
subtracted as will be explained later in the text. As can 
be seen there is no noise signal inside Coulomb block- 
ade, when there is no current through the SET. For high 
bias voltages (data not shown), where the SET resistance 
reaches its asymptotic value, and |T| remains constant, 
the noise increases linearly with bias. As can be seen 
from eq. we also need to measure |T| at the same 
bias conditions, in order to extract the Fano factor. Here 
we have normalized |F| to unity in the Coulomb blockade 
region. In Fig. [3] we show the experimentally measured 
|F| versus bias for maximum Coulomb blockade and for 
the SET open state. The insert shows the full bias - gate 
dependence. |T| decreases monotonically from unity at 
low bias, to the asymptotic value |T| = 0.7 at high bias. 
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FIG. 2: (color online) The shot noise generated by the single 
electron transistor as a function of bias voltage. The green 
curve shows the noise at maximum Coulomb blockade. The 
red curve shows the noise when the SET is in its open state. 
The amplifier noise has been subtracted as described in the 
text. The noise is measured at the resonance frequency in a 
bandwidth of a 15 kHz. The inset shows a 3D-graph of the 
shot noise as a function of both bias voltage and gate charge. 



Thus, we conclude that the SET is operated in the over- 
coupled regime, where the impedance of the resonance 
circuit Z = Z\ c jR is always smaller then Zq. 

The noise at the output of the amplifier also has a 
contribution from the amplifier itself, which should be 
accounted for. Generally the amplifier noise depends on 
the impedance of the resonance circuit. We describe the 
noise sources of the amplifier and refer them to the ampli- 
fier input [27|. In general two noise sources are required: 
a series voltage- noise source v n , and a shunt current-noise 
source i n , as shown in the Fig.[TJi. The current noise 
source is due to the input current of the first HEMT 
transistor. The voltage noise source represents the in- 
ternal amplifier noise referred to the input of the ampli- 
fier. The noise power at the output of the amplifier will 
clearly depend on the impedance attached to the input 
of the amplifier. We can express also the amplifier noise 
as a function of ITI: 



Samp — 
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J(l + \T\ 2 )(tt)Z + (vl)/Z ) + 
2\r\cos(<t>-2f3l)((i 2 n )Z -(vl)/Z )] ) 



(3) 



where <fi is the phase of the voltage reflection from the 
resonance circuit, and —2/3/ is the phase delay in the 
coaxial cable. Amplifiers are normally optimized so that 
the voltage noise and the current noise contributions are 
equally large for a source impedance of Zq and therefore 
the second term in eq. ([3]) is very small and can be ne- 
glected. To calibrate the amplifier noise, the SET was 
biased at zero voltage, and the output amplifier noise 
was measured as a function of the SET gate charge, T 
was measured for the same gate charges. Thus we can 
plot the amplifier noise as a function of |T| in the range 



FIG. 3: (color online) The magnitude of the reflection coeffi- 
cient as a function of the SET bias voltage. The green curve 
corresponds to the maximum of the Coulomb blockade. The 
red curve corresponds to the SET open state. The inset shows 
a 3D graph of |F| as a function of both bias voltage and gate 
charge. 



(0.9 < |r| < 1) as shown in Fig.[TJ:. The amplifier noise 
is well fitted by eq. © neglecting the second term. 

The amplifier noise can then be subtracted from the 
measured noise so that we obtain the bare shot noise 
signal. To do this we extrapolate the data using eq. ([3]) 
so that we can subtract the noise in the whole range 
0.7 < |T| < 1. Finally we combine eqs. © and © to 
extract the Fano factor over the hole range of bias and 
gate voltage, the result is plotted in Fig.QJi. 



F(V,Q g ) = 



r| 2 ) e y 



(4) 



There is some uncertainty in the amplifier voltage gain g, 
and we have used the asymptotic value of the Fano fac- 
tor at high bias to set the gain in Fig.|4^,. The Fano fac- 
tor asymptotic value is weakly dependent on the tunnel 
junctions resistances [l3j]. Assuming that the resistance 
asymmetry is the same as the capacitances asymmetry in 
the tunnel junctions (30%), the asymptotic Fano factor 
value should be: F = (R\ + R%)/(Ri + R 2 ) 2 ~ 0.51. 

Fig. 2^ represents the main result of our work, it shows 
a complete map of the Fano factor as a function of both 
bias voltage and gate charge. F is close to 0.5 at high 
bias and increases to unity as the bias is lowered towards 
the Coulomb threshold. Close to the threshold F varies 
between 0.5 and 1 as a function of gate charge. In the 
Coulomb blockade region both the shot noise and the 
current goes to zero and the Fano factor loses its meaning. 

For comparison, we show in Fig.HJ} the calculated Fano 
factor as function of bias voltages and gate charge, us- 
ing the orthodox theory of single electron tunneling in 
the low frequency limit 1^, 2S| • In these calculations we 
have included 5 charge states on the SET island and we 
have neglected cotunneling. We have also taken into ac- 
count that the SET is substantially overheated from the 
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FIG. 4: (color online) The Fano factor (a) The measured Fano factor for the SET as a function of bias voltage V and gate charge 
Q g , the colored lines are the line-cuts shown in panel c for fixed Q g . (b) The calculated Fano factor as a function of bias voltage 
V and gate charge Q g . The calculation is done using the orthodox theory [lH . |28| for single electron tunneling, neglecting 
co-tunneling. We have assumed that transistor is overheated from the cryostat base temperature T ~ 0.1i5 c = 250 mK. (c) 
Measured Fano factor as a function of bias voltage for open state (red dots) and maximum Coulomb blockade (green dots). 
The black lines are the corresponding calculations using the orthodox theory [l3T ]. 



cryostat base temperature [29( , using a SET temperature 
of T w 0.1E C = 250 mK gives a very good agreement be- 
tween experiment and theory. 

Especially interesting cases are when the SET is fully 
open, Q g = 0.5, and when the Coulomb blockade is max- 
imum, Q g = 0. These two cases are show in Fig.[4j:, the 
red and green dots are experimental data for Q g = 0.5 
and Q g = respectively. The black lines are the calcula- 
tions using the orthodox theory. 

The measurements shown here demonstrate the cor- 
relations of tunneling in the single electron transistor, 
which are well understood. At low voltages, the tunnel- 
ing is limited by the rate in one of the junctions and the 
tunneling becomes correlated giving a Fano factor close 
to unity since the SET then behaves more like a single 
junction. At high bias the tunneling in the two junctions 
is sequential and uncorrelated, which results in the re- 
duced shot noise 2e(I)/N. Using the method described 
here it should be possible to study also more compli- 
cated correlations in the SET including cotunneling and 
also combined Cooper-pair quasi-particle processes which 
occur when the SET is in the superconducting state. 

In conclusion we have introduced a method for shot 
noise measurements of mesoscopic systems embedded in 
a resonance circuit. The measurements are done at a 
finite frequency where the l/f noise can be neglected. 
We have been able to measure the shot noise generated 
by a Single Electron Transistor as a function of both bias 
and gate voltages. From the data we can extract the 
Fano factor which varies between 0.5 and 1 depending 
on the amount of correlation of the tunneling in the two 
junctions. Our experimental results agree very well with 
the orthodox theory for single electron tunneling. 
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